With rare exceptions, masonry buildings in historic urban settlements have been conceived only for gravity loads. Because their resistance to earthquakes is generally not adequate, seismic retrofitting is needed if the buildings are located in seismic-prone areas. As in the case of the new construction, no collapse and damage limitation criteria determine the basic parameters for retrofit and redesign of heritage buildings. Based on the results of experimental research, damage at story drifts within the range of 0.4% to 0.6% and 1.0 % to 1.2% of story height has been found as acceptable at maximum resistance and at ultimate designlimit states, respectively. If the design ground acceleration values do not exceed 0.25 g and the number of stories is limited to two to three, practically the same level of seismic safety as required for the new construction can be attained by only improving the integrity of the structure and resistance of existing masonry walls. Because the effectiveness of economically acceptable retrofitting measures is limited, a reduction of design seismic loads, not exceeding 33 % of the code required value, is proposed in the zones of high seismic intensity. As the experimental results indicate, a moderately increased amount of damage to structural walls may be expected in such a case, without risking collapse of the building.
INTRODUCTION
Old urban and rural nuclei represent architectural cultural heritage of great historical importance, although individual buildings in the settlements are perhaps not considered as monumental. Nevertheless, as clusters of buildings, masonry buildings in old urban settlements represent architectural cultural heritage of great historical importance, giving additional value to many European cities.
In most cases, historic masonry buildings in urban settlements have not been conceived to resist seismic loads. They have been built in materials and systems that resist the compression caused by the gravity loads but not the bending and shear resulting from earthquake ground motion. In many cases, historic buildings have been poorly maintained. Sometimes, materials are deteriorated because of the effects of time and environment. Consequently, most of the damage to buildings and loss of life in the recent earthquakes occurred because of inadequate seismic performance of buildings in historic settlements, for example, in Friuli, Italy, and Posocˇje, Slovenia (1976) , in Montenegro (1979) , Potenza, Italy (1980) , Umbria, Italy (1979 and 1997) , and in Posocˇje, Slovenia (1998 and . Therefore, if these buildings are to be preserved as historic heritage of greatest value, such buildings should be adequately strengthened if located in seismic-prone regions. As a link between the past and present, historic settlements are actively included in modern urban environment and they usually represent the city's most vital parts. Permanent occupancy is one more reason that the buildings in historic centers of cities and town should be upgraded to attain the same level of seismic safety as is required for the new construction. Although this upgrade is many times not easily possible, every effort should be made in seismic rehabilitation campaigns to improve their resistance to a required degree.
Since the engineering information relevant for the assessment of seismic behavior of historic masonry buildings was lacking, a substantial amount of experimental and analytical research has been carried out in the past decades to investigate their seismic behavior. Earthquake damage has been analyzed and the observed mechanisms simulated in the laboratories. Testing methods, destructive and non-destructive, have been developed to obtain data needed for structural assessment of heritage buildings. Based on the observed mechanisms, numerical models to assess the seismic resistance have been proposed (Tomazˇevicˇand Turnsˇek, 1982; Giuffre, 1990; Lourenc¸o, 2002) . Experimental research has been also carried out to develop and verify adequate methods for seismic strengthening.
Based on the results of recent research and experience obtained by different national codes and recommendations for seismic repair and strengthening of buildings, a new European document has been recently prepared. Namely, in addition to Eurocode 8-1 (Eurocode 8, 2004) , the standard for the design of new buildings in seismic zones, Eurocode 8-3 Assessment and retrofitting of buildings has been accepted (Eurocode 8, 2005) . It is not the aim of this article to provide a state-of-the-art report on seismic issues of heritage buildings. Some results of experimental and analytical research, carried out at the Slovenian National Building and Civil Engineering Institute (Ljubljana, Slovenia), are presented here. Although this research was considered, among other research, when drafting the code, the results are presented as an indication that seismic resistance of heritage buildings can be improved to meet most of the requirements of the code.
TYPOLOGY AND SEISMIC PERFORMANCE OF HERITAGE BUILDINGS
Typology of heritage buildings varies from region to region and from rural to urban areas. As is the case of other countries, traditional construction materials of heritage masonry houses in Slovenia are locally available limestone and slate, which are replaced by clay brick in some parts of the country. Stone masonry walls are made of rubble or riverbed stone, usually built in two outer layers of irregularly sized bigger stones, with an inner infill of smaller pieces of stone, in poor mud mortar with a little lime. In the city centers and towns, the walls are made of relatively compact mix of stone, brick, and mortar, with no distinct separation between the individual layers of the walls. Regularly cut or partly cut stone is rarely used. Connecting stones are also rare.
Typically, stone-masonry houses are three to four stories high in the cities and towns, whereas their height is limited to two stories in rural areas (Figures 1 and 2 , respectively). The structural layout is usually adequate. The distribution of walls is uniform in both orthogonal directions, and, because of the thickness of the loadbearing and cross-walls as well as relatively small rooms, the wall/floor area ratio is large, in many cases exceeding 10 % in one direction. Floor structures and lintels are traditionally wooden, without any wall ties provided to connect the walls. Brick vaults above cellars, staircases, and corridors sometimes replace wooden floors. Roof structures are wooden and are covered with ceramic tiles, sometimes laid in mortar. As a rule, the buildings are built without any foundation, and foundation walls are of poorer quality than the walls of the structure above the ground level. 
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Although the typology of heritage buildings varies from region to region and country to country, identical observations can be made regarding the response to earthquakes. Also, damage occurred to such buildings can be classified in a uniform way. With rare exceptions, the behavior of heritage buildings has been generally not adequate. The analysis of earthquake damage indicated that there are two main causes of damage to heritage masonry buildings: 
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Inadequate structural integrity: lack of connection between structural walls at floor levels, which results into out-of-plane vibration, separation, and collapse of the walls ( Figure 3) ; and Inadequate structural resistance, which results into typical diagonal shear cracking and disintegration of walls and, consequently, partial or total collapse of buildings ( Figure 4 ).
In some cases, inadequate structural layout was the reason for partial and/or total collapse, whereas in the other cases, an inadequate foundation system and/or foundation soil caused partial settlements, sinking, sliding, tilting, and/or overturning of buildings. 
SEISMIC RETROFIT AND REQUIREMENTS OF EUROCODES
As a rule, the same level of design seismic loads should be considered in the redesign of heritage buildings as in the case of the new construction. According to Eurocodes, for all structural members as well as for the structure as a whole, the design resistance capacity (R d ) (kN), calculated by taking into account the characteristic strength values and partial safety factors ( M ) of members' materials, shall be greater than the design value of combined action effect (E d ) (kN), which includes seismic actions in cases in which the structure is exposed to seismic hazard. Instead of partial safety factors for materials M , used in the design of the new construction, the confidence factors (CF), which reflect the knowledge level of actual materials' properties, are introduced in seismic redesign of existing buildings.
As is the case of the new construction, no collapse and damage limitation criteria should be taken into consideration when redesigning heritage buildings in seismic situation. The structure should be verified for lateral resistance as well as for displacement capacity. In this regard, the permissible amount of damage occurring to the structure in the nonlinear range of vibration represents the critical parameter. However, except in very special cases, this criterion is only implicitly taken into account: it is considered when defining the values of factors used for the determination of the design seismic loads.
The typical relationship between the lateral resistance of the critical story and displacements is schematically presented in Figure 5 . Displacements are usually expressed in the nondimensional form of story rotation (F), defined as the ratio between the story drift (d)(m) and story height (h) (m): F ¼ d/h (usually given as a percent). Before the attainment of elastic limit (rotation F e ¼ d e /h where F e and d e are rotation and displacement at the elastic limit, respectively), the structure is not damaged. The first cracks, which change the stiffness but do not influence the usability of the building, occur in the range between the elastic limit and maximum resistance limit state (rotation F Hmax =d Hmax /h, where F Hmax and d Hmax are rotation and displacement at maximum resistance, respectively). The structure remains safe until the design ultimate limit state (rotation F u =d u /h, where F u and d u are rotation and displacement at the design ultimate state, respectively).
Although the experimental investigations indicate that the structure enters the actual state of collapse long after the deformations exceed the design ultimate state F u , the deformation capacity beyond this point is not taken into consideration because of the heavy damage that occurs to the structural walls. Regarding the no-collapse requirements, it is generally agreed that rotation, in which the resistance capacity of the structure degrades to 80% of the maximum, defines the design ultimate limit state (Eurocode 8, 2004) . In most cases damage limitation requirements prevail, however, so that in the redesign, the displacement capacity of the structure becomes the governing parameter. Regarding the allowable damage, the rotation (ductility) capacity of the structure may be utilized up to approximately three-times the elastic limit or up to F u , whichever is less.
The shaking-table tests of models of stone-and brick masonry houses and in situ and laboratory tests of existing and cement-grouted stone masonry walls (Tomazˇevicˇand Apih, 1993; yielded the following ranges of values of story rotation and amount of damage at limit states, defined in Figure 5 :
At elastic limit: F e ¼ 0.2% to 0.3% (light damage); At maximum resistance: F Hmax ¼ 0.4% to 0.6% (moderate damage); and At ultimate design state (no collapse requirement): F u ¼ 1.0% to 1.2% (heavy damage).
Typical examples of resistance curves, obtained by testing a series of models of heritage stone masonry houses on a shaking table, are shown in Figure 6 (Tomazˇevicě t al., 1993). The resistance curves are plotted in a non-dimensional form as a relationship between the base shear coefficient (BSC) and first-story rotation F. BSC is Figure 5 . Idealized story resistance envelope and definition of limit states. F e , story rotation at elastic limit; F Hmax , story rotation at maximum resistance; F u , story rotation at ultimate limit; F coll , story rotation at collapse.
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defined as the ratio between the base shear (BS) (kN), developed in the building and weight of the building (W) (kN) above the base: BSC ¼ BS/W. The values have been evaluated based on the measured acceleration and displacement responses by taking into account the known masses of the models. The models of a simple two-story, single-room stone masonry houses with wooden floors, with and without wall ties, have been tested on a shaking table by subjecting them to a series of simulated earthquake ground motion with increased intensity of shaking in each successive test run. Typical models just before collapse are shown in Figure 7 .
Design Seismic Loads
According to Eurocode 8, the form of seismic action to be used in seismic resistance verification depends on the importance and complexity of the structure under consideration (Eurocode 8. 2005 ). In the case of structures with regular structural configuration, such as most masonry structures, the calculations are simplified by taking into account only one horizontal component of the seismic ground motion and analyzing the structure in each orthogonal direction separately. Nonlinear dynamic response analysis is replaced by equivalent elastic static analysis, where the design seismic loads are evaluated on the basis of the design response spectra, considering the structure as an equivalent single-degree-of-freedom system. To obtain the design spectra, the ordinates of the elastic response spectra are reduced by structural behavior factor (q), which takes into account the energy dissipation and displacement ductility capacity of the structure as well as damage limitation requirements. The design spectrum ordinate (design acceleration developed in the structure) is determined by: 
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The design spectrum ordinate is usually given in g as a fraction of acceleration of gravity (g ¼ 9.81 ms À2 ). In the equation, a g is the design ground acceleration at the site (in g or ms À2 ), S is the soil parameter, Z is the damping correction factor, 2.5 is the spectral amplification factor for typical masonry structures, and q is the structural behavior (force reduction) factor. Ambient vibration measurements, carried out in Ljubljana on heritage stone masonry buildings of different size and configuration, have indicated (Tasˇkov et al., 1984) that the values of natural period of vibration (T) (s) are located within the range of values where the Eurocode 8 response spectrum curve is flat, i.e., in which the spectral amplification factor is a constant equal to 2.5. In the case of the firm soil, the flat range of the response spectrum is limited by T B ¼ 0.15 s T T C ¼ 0.4 s. Some typical results of ambient vibration measurements are given in Table 1 . 
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Eurocode 8-1 (Eurocode 8, 2004) recommends that the lower bound value of the proposed range of structural behavior factor q values for plain masonry structures (q ¼ 1.5 to 2.5), be taken into account in the case of the seismic resistance verification of plain masonry, including heritage buildings, in which common calculation procedures are used. As the analysis of experimental results indicated , the code recommended value is adequate in the case for which the measures to ensure the integrity of the structure have been taken and the walls are tied at floor levels with wall ties or bond beams. The code recommended value of behavior factor q ¼ 1.5 is also well in agreement with the available ductility capacity of ordinary heritage buildings as well as with damage limitation criteria.
Design seismic load (design BS) is obtained by multiplying the design spectrum ordinate (acceleration) with the mass of the structure above the base (m ¼ W/g):
in which g is the acceleration of gravity. If the design seismic load is determined in the form of design BSC, BSC d ¼ BS d /W, it can be seen that the design BSC is equal to the ratio between the design acceleration, acting on the structure (design response spectrum ordinate), and acceleration of gravity:
For example, if BSC d ¼ 0.3, the design BS, i.e., total design seismic force acting on the building in a horizontal direction, will be 30 % of the weight of the building. The values, which have to be taken into consideration for seismic resistance verification of heritage masonry structures in redesign, are given in Table 2 . These values are relatively high. They can be easily attained in the case of the new construction of limited height, but are sometimes difficult to attain if used in the redesign for seismic resistance verification of heritage buildings, strengthened with ordinary strengthening technologies. Cases have been observed, however, in which the strengthened or even existing heritage masonry buildings resisted earthquakes with minor damage only, although their resistance, calculated on the basis of the experimentally obtained mechanical properties of masonry, did not completely meet the requirements of code Tomazˇevicˇet al. 2005) . a g , ground acceleration; n , design seismic load reduction factor; q, structural behavior factor.
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According to one of the drafts of Eurocode-8-3 (Eurocode 8. 1996) , design ground acceleration (a g ) values could have been reduced for redesign purposes if the remaining life and category of buildings, as well as the degree of seismicity were taken into consideration. In the case of monumental buildings, which represent a specific case, the design loads may be reduced if the code required a g values would lead to completely unacceptable architectural alterations of the monument. In the case of the occupied heritage buildings, the design a g values may be reduced if costs of strengthening for design seismic loads would exceed economically acceptable level. The philosophy of ''better something than nothing'' has been followed. The reduction, however, should never be based on the account of the safety against collapse. In other words, damage limitation criterion may be relaxed to a reasonable limit, but no collapse criterion should be respected in all cases.
Although no such option is offered in the new Eurocode 8-3 (Eurocode 8. 1996), based on the analysis of earthquake damage observations and experimental and parametric studies carried out in Ljubljana, the authors propose that for practical redesign of heritage buildings, a design seismic load reduction factor n ¼ 0.67 be used in high seismic intensity zones (a g ¼ 0.30 g), and no reduction, ( n ¼ 1.00) be used in the low intensity zones (a g ¼ 0.10 g) (Tomazˇevicˇ, 2000) . The values of design seismic load reduction factor are linearly interpolated between these two extremes.
Considering the practical consequence of such a proposal (increase in the amount of acceptable damage to structural walls, but no collapse), no reduction of a g values is actually proposed, instead increased values of structural behavior factor q are proposed to be used in the calculation of the design response spectrum ordinate (or BSC), Equation 1 (or Equation 1b). As can be seen in Table 2 , in which the proposed reduced values of the design BSC BSC d,r to be considered in the redesign of heritage buildings are given, the values of behavior factor q have been increased to 1.5/0.67 ¼ 2.3 in the case of a g ¼ 0.30 g and 1.5/0.84 ¼ 1,8 in the case of a g ¼ 0.20 g. All values of q factor are within the range of values, proposed by Eurocode 8-1 for plain masonry structures (q ¼ 1.5 to 2.5).As the results of experimental studies indicate (Figure 6 ), the expected ductility capacity of heritage buildings, in which tying the walls has ensured structural integrity, permits such possibility.
Design Resistance
In the case of the regular plain stone-and brick-masonry houses with uniformly distributed structural walls that fulfill the requirements for structural integrity, shear mechanism prevails and shear resistance of masonry walls determines the seismic resistance of the building. Typically for such mechanism, diagonally oriented shear cracks develop in the walls of the bottom-most story (Figure 4) .
Moreover, because the values of the shear modulus (G) (kN/m 2 ) of stone-and brick masonry are significantly smaller than the values of modulus of elasticity (E) (kN/m 2 ), the effective stiffness of individual walls (K e ) (kN/m) is almost proportional to the area of horizontal cross-section of the wall. Consequently, negligible errors are made if the bending effects are neglected.
Although stone-masonry is considered as brittle structural material, stonemasonry walls and structures possess substantial displacement and energy dissipation capacity ( Figure 6 ). They are capable to carry gravity loads even after being damaged by a strong earthquake when responding in the nonlinear range of vibration.
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Therefore, when modeling the seismic behavior of heritage buildings, ductility capacity is attributed to masonry walls. The seismic loads are redistributed, which makes possible that the walls' lateral load bearing capacity be fully utilized. In the case of the shear mechanism, seismic resistance of the building is estimated by superposing the resistance of individual walls and taking into consideration the walls' displacement capacities. Shear resistance of the wall can be calculated in different ways. In Ljubljana, the following equation has been proposed (Turnsˇek and Č acˇovicˇ, 1971 ):
in which H u is the resistance of a wall (kN), A w is the area of the horizontal crosssection of the wall (m 2 ), b is a coefficient depending on geometry of the wall and distribution of shear stresses in the critical section (usually b ¼ 1.5), f t is the tensile strength (kN/m 2 ), and s o is the average compressive stress in the wall due to gravity loads (kN/m 2 ). Factor 0.9 is the result of idealization of experimental resistance curve with ideal bilinear elastic-plastic relationship. By definition, the term tensile strength (diagonal shear strength) of the masonry is the principal tensile stress, which would develop in the wall panel at the attained maximum resistance, assuming that masonry is isotropic, homogeneous, and elastic material.
By assuming the story mechanism, effective lateral stiffness of the wall K e is calculated by:
in which h (m) and l (m) are the height and the length of the wall, respectively, E (kN/m 2 ) is the modulus of elasticity of masonry, G (kN/m 2 ) is the shear modulus of masonry, and a 0 is the coefficient determining the position of the bending moment's inflection point along the height of the wall; a 0 ¼ 0.83 in the case of a fixed-ended and a 0 ¼ 3.33 in the case of a cantilever wall. In accordance with the design philosophy of Eurocodes, characteristic values of strength of materials, reduced by partial safety factor M for masonry materials, are used in the design of the new construction. In the case of the redesign and seismic assessment of existing buildings, however, the mean values of material strength, obtained by testing the existing materials, are reduced by the CF, which, depending on the amount of testing (knowledge level), varies from 1.00 to 1.35 (Eurocode 8, 2005) .
According to European standards, three specimens should be tested to obtain the characteristic value of compressive strength of masonry (f k ) (kN/m 2 ) (European Standard, 1998) . The mean value of strength (f mean ) (kN/m 2 ) is evaluated and the characteristic f k is determined as the smaller value of either f mean /1.2, or the minimum obtained value f min :
It is proposed that the same principle be also used for the evaluation of mechanical properties of existing masonry, obtained by in situ tests (Figure 8 ) or by testing specimens, taken from the building, in the laboratory. Because such tests are expensive,
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rarely more than two specimens of the same masonry type are tested in the same building. It is therefore proposed, that in such a case either the average value of two or more test results f mean (or f t,mean ) or a single result, reduced by 1.2, is considered as relevant. According to Eurocodes, the values of partial safety factors M for masonry properties used in the design of the new construction are determined in dependence on Figure 8 . In situ lateral resistance test of a stone masonry wall.
Step-wise increasing lateral load is applied at the mid-height of the specimen, separated from the masonry wall by vertical cutting.
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M. TOMAŽ EVIČ AND M. LUTMAN the category of execution surveillance and manufacturing control. In the case of existing structures, however, the value of the CF depends on the number of samples tested in the building under consideration. Past experience and recent studies indicate that good correlation between the calculated results and observed behavior can be obtained in the case where the resistance of the building is assessed by using mechanism models and average, unreduced values of material properties, obtained by tests, as input data in the calculations Tomazˇevicˇet al., 2005) . Therefore, it is proposed that the requirements of Eurocode 8-3 be slightly modified and the following recommendations regarding the values of the CF be considered in the assessment of seismic resistance of heritage buildings:
CF ¼ 1.0: mechanical properties of masonry are determined either by in situ tests or in the laboratory by testing specimens, taken from the building under consideration. At least one specimen of characteristic masonry should be tested in the building and the composition of the masonry should be verified by removing plaster at least in one location in each story. CF ¼ 1.35: mechanical properties are obtained by testing at least one specimen in the cluster of buildings of the same typology. Identification of a given type of stonemasonry is carried out by removing plaster and opening the walls at least in one location in each story of the building under consideration. CF ¼ 1.7: no specimens are tested. The values of mechanical properties are taken from the literature for masonry type, corresponding to the masonry type under consideration (Tomazˇevicˇand Apih, 1993; Tomazˇevicˇ, 2000) . Identification tests only are carried out.
Following the principles of assessment and redesign of existing structures, specified by Eurocode 8-3 (Eurocode 8, 2005) , the mean value of tensile strength f t, mean , reduced by the CF, is used in the Equation (2). As has been proposed previously, either the average value of two or more test results f t, mean or a single result, reduced by 1.2, should be considered. Mean values of in situ or laboratory test results are taken into account as relevant values of shear modulus G and modulus of elasticity E in Equation (3).
CAN SEISMIC RESISTANCE OF HERITAGE BUILDINGS MEET CODE REQUIREMENTS? THE CASE OF BOVEC
It is a rare case that the same region suffered from three strong earthquakes in less than 30 years. This is the case of Posocˇje (Socˇa River Valley), a mountainous region in the western part of Slovenia along the border with Italy, which in 1976 suffered from a series of earthquakes with epicenters in nearby Friuli (magnitudes M ¼ 6.1 to M ¼ 6.5) and then again in 1998 and 2004 from two local earthquakes with epicenters near the town of Bovec (Figure 9 ). Although the earthquakes of 1998 (M ¼ 5. north-south component of the acceleration record of July 12, 2004, earthquake and response spectra are presented in Figures 10 and 11 , respectively (Fajfar et al., 2004) . Because of the mechanisms, sources, and magnitudes of these earthquakes, the same part of the region did not always experience damage. Whereas the whole area of upper Posocˇje experienced earthquake damage in 1976, the village of Drezˇnisˇke Ravne and environment in 1998, and the village of Č ezsocˇa near Bovec in 2004. Although not many buildings in the recently affected areas have been severely damaged in 1976 and afterwards thoroughly strengthened, their number is large enough to provide a good 
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basis for the analysis and verification of the effectiveness of strengthening measures, recommended in 1976. Their number is also large enough to verify the recommendations for redesign of existing buildings, specified in Eurocode 8-3. Because the third earthquake in only 30 years caused many concerns and loss of confidence in aseismic strengthening measures applied to buildings after 1976 and 1998, the situation has been analyzed to provide acceptable answers to these concerns. As the first step of analysis, the mechanical properties of typical masonry of residential and public heritage buildings in the area in the existing and strengthened, cement-grouted state have been determined by in situ tests . Using the obtained values of mechanical properties as the input data, the seismic resistance of a number of typical buildings has been analyzed. Design response spectra and q-factor approach have been used in the verification to determine the design seismic loads. According to the seismic hazard map of Slovenia, design acceleration value a g ¼ 0.225 g should be considered in the area, resulting in
If this value is reduced as proposed, the seismic resistance of heritage buildings in the area in a nondimensional form of design seismic resistance coefficient A push-over type method has been used for the calculation of story resistance envelopes. In the calculation, the displacements are imposed to the structure and the resisting forces of structural walls are calculated. The stiffness and resistance of individual walls in each step of calculation are determined considering the imposed storey displacements and idealized resistance envelopes of the walls. In such a way, the degrading branch of the resistance envelope can be also calculated. Computer program SREMB (Seismic REsistance of Masonry Buildings, in the first version known as POR) has been developed to make easier the calculation of the storey resistance envelope (Tomazˇevicˇand Turnsˇek, 1982) . 
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As can be seen in Table 3 , in which the results of calculations are summarized, the buildings in the existing state are not resisting enough. If adequately strengthened, they in most cases fulfill the requirements of codes for a given location. In some cases, however, the amount of damage will be greater than normally expected, but the buildings will survive the expected earthquake without collapse.
Taking advantage of ground acceleration records obtained in 2004, four typical stone masonry houses, retrofitted after 1998 but damaged again in 2004, located near enough to the site where the records have been obtained, have been analyzed by using nonlinear dynamic response approach (Tomazˇevicˇet al., 2005) . Three buildings (the representative building A is only shown here) have been strengthened by tying the walls with steel ties and cement grouting of stone-masonry walls. In the case of the fourth one (building D), which has been only slightly damaged in 1998, the second story has been removed and replaced by a new one in confined clay hollow block masonry, whereas the existing stone masonry walls in the ground floor have not been strengthened. Typical plans and sections of analyzed buildings A and D are shown in Figure 12 .
Taking into consideration the structural layout and seismic response mechanism of typical stone masonry buildings in the region, the buildings have been modeled as simple planar multidegree of freedom shear systems, with masses concentrated at floor levels and story stiffness. Hysteretic behavior has been modeled by a set of rules, which take into consideration strength and stiffness degradation and deterioration at repeated load reversals . Although a relatively simple model has been used, the analysis provided a realistic simulation of what happened on July 12, 2004.
Typical results, such as displacement response time history of the top floor of the buildings and story shear-rotation hysteresis loops are presented in Figure 13 . By comparing the calculated response values of maximum story rotation with typical values at characteristic limit states (as described previously), it can be seen that the dynamic response of the analyzed buildings to earthquake ground motion entered into the nonlinear range of vibration. It can be also seen that the amount of damage did not exceed the code expected level in the cases for which the buildings have been adequately strengthened. In other words, the occurrence of damage to structural walls during an earthquake as strong as was the earthquake of July 12, 2004, could have been expected, although the buildings had been previously strengthened by tying and cement grouting of stone masonry walls. The response analysis of building A indicated the occurrence of cracks in the walls of the ground floor and first story, as has been actually observed after the earthquake (Figure 14) . Large rotation (displacement) response is in good correlation with the excessive amount of damage observed in the case of the inadequately strengthened building D (Figure 15) .
By definition, given in Eurocode 8-1, design ground acceleration (a g ) is the maximum acceleration, which occurs on the bedrock during an earthquake with a return period of 475 years. As has been mentioned, design ground accelerations (a g ¼ 0.225 g) are expected in the region of Bovec according to the seismic hazard map of Slovenia. During the earthquake of July 2004, significantly higher values of peak ground accelerations have been recorded (0.47 g). However, the expected design and maximum recorded values cannot be directly compared. Ground accelerations have been recorded on the riverbed gravel deposits of considerable depth. According to a preliminary backward response spectrum analysis, it has been estimated that spectral values on the firm soil would have been about two-to three-times lower than measured on the ground (Fajfar, 2004) . Very roughly, this would correspond to peak values of 
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bedrock accelerations between 0.16 g and 0.23 g, which means that the intensity of the earthquake was equal to or very close to the intensity of the design earthquake for the area of Bovec as given on the seismic hazard map of Slovenia (a g ¼ 0.225 g). The analysis has shown, that the requirements of Eurocode 8 as regards the design values of seismic loads and design resistance of typical heritage buildings, retrofitted by usual techniques, can be fulfilled in the case of buildings of limited height and design ground acceleration values not exceeding 0.25 g, including soil effects. However, specific additional measures should be taken in specific cases. As specified in Slovenia's seismic hazard map for 475 years return period earthquakes, maximum value of design ground acceleration is a g ¼ 0.25 g. 
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CONCLUSIONS
As is the case of the new construction, preventing the collapse and ensuring an acceptable level of damage to structural elements during earthquakes are the decisive parameters that control the assessment and redesign of heritage buildings in seismic conditions.
Based on the results of experimental research, damage at story drifts within the range of 0.4% to 0.6% and 1.0% to 1.2% of story height has been found as acceptable at maximum resistance and at ultimate design limit states, respectively. If the design ground acceleration values do not exceed a g ¼ 0.25 g, including soil effects, and the number of stories is limited to two to three, practically the same level of seismic safety as required by Eurocode 8-1 for the new construction can be attained by only improving the integrity of the structure and resistance of existing masonry walls. Because the effectiveness of economically acceptable retrofitting measures is limited, a reduction of design seismic loads, not exceeding 33 % of the code required value, is 
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proposed in the zones of high seismic intensity. As the experimental results and correlation studies indicate, a moderately increased amount of damage to structural walls may be expected, without risking collapse of the structure. Regarding the assessment of seismic resistance, a proposal has been also made to modify the criteria for choosing the values of the CF used to determine the design values of masonry's strength. Based on the correlation between the observed damage, in situ tests of seismic resistance of masonry walls, and calculated resistance of a series of buildings, it has been proposed that CF values vary from 1.0 to 1.7, depending on the accuracy of input data.
The earthquake ground acceleration record with a peak ground acceleration of a g ¼ 0.47 g has been used to analyze the behavior of typical retrofitted stone masonry buildings in the region of Bovec. Good correlation between the observed damage and calculated displacement response has been obtained, confirming the validity of recommended displacement ranges at maximum resistance (moderate damage) and ultimate design limit (heavy damage) as the criteria for acceptable damage.
As has been shown in this article, the requirements of Eurocode for seismic redesign of heritage masonry buildings are, generally speaking, adequate. By applying the recommended technical measures to improve the integrity and resistance of existing structures, practically the same level of seismic resistance can be attained as in the case of the new construction (Figure 16 ). Although the results and recommendations discussed in the article are based on the case of Slovenia, they have general validity.
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